1. Introduction
===============

*Angiostrongylus cantonensis*-induced eosinophilic meningoencephalitis (AEM) is a parasitic disease mostly in adults, with rare cases in infants.^\[[@R1],[@R2]\]^ The primary host of *A cantonensis* is rat. However, the disease in human is mainly caused by eating uncooked contaminated foods such as lettuce, snail, freshwater prawn, crabs, mollusks, crickets, and fish, which are the intermediate host or the host material of the parasite^\[[@R3]\]^ or by drinking parasitic larvae-contaminated water or fruit juice.^\[[@R4],[@R5]\]^ The parasitic infection in children is usually by direct contact with the infected mollusk when crawling or playing on the ground. Since the discovery of *A cantonensis*, infections by the parasite have been reported in Asia, islands of the Pacific and the Indian Ocean, Australia, the North, Central, and South America; and has become an emerging global infectious disease.^\[[@R6]--[@R8]\]^

Manifestations of AEM include headache, nausea, cough, vomiting, lethargy or apathy, fever, neck stiffness, muscle twitching, paresthesia, weakness, diarrhea, etc.^\[[@R9]\]^ However, AEM in infants has very inconsistent symptom different from that in adults.^\[[@R2],[@R10]\]^ The presence of infiltrated eosinophils and the 3rd stage larvae of *A cantonensis* in patient\'s cerebrospinal fluid (CSF) are the 2 major pathologic characters of AEM. Eosinophils have exocytotic capability to degrade parasites in CSF through the extrusion of cellular granules and contents.^\[[@R11]\]^ On the contrary, a large amount of eosinophils infiltrated around the worm, together with other leukocytes, can form eosinophilic granuloma or abscess, leading to the pathologic inflammation and cytotrophic meningoencephalitis.^\[[@R12],[@R13]\]^

The immune system of infants is not fully developed,^\[[@R14]\]^ the larva of *A cantonensis* can migrate to the pulmonary artery and develop into an adult worm, causing pulmonary embolism, respiratory failure, and even death in infants. Thus precise diagnosis of AEM in infants is critical for the urgent treatment of the disease. In this case reports, we tested next-generation sequencing (NGS)^\[[@R15]\]^ as a new molecular method for the precise diagnosis of AEM in infants.

2. Methods
==========

2.1. Patients
-------------

Two patients (under 2 years old) were on admission into hospital due to cough, fever, mental fatigue, and poor diet in the summer of 2018; and subjected to clinical examination including cardiac ultrasound with the PHILIPS iE33 Ultrasound Machine (Philips, Charlotte), chest X-ray with United Imaging UDR 770i X-Ray Scanner (Shanghai Lianying Medical Technology Co, Ltd, Shanghai, China), blood test, head magnetic resonance imaging (MRI),^\[[@R16]\]^ and NGS on CSF DNA. The recruitment of human subjects in this case reports was approved by the Research Ethics Committee of Guangdong Women and Children Hospital, and the informed consent was obtained from the parents of the patients.

2.2. Blood and CSF collection
-----------------------------

Peripheral blood (5 mL) was collected from patients via elbow vein for blood test before and after treatment, or from healthy donors (1--2 years old; n = 3) as controls. Serum was isolated from blood samples (before treatment) after centrifugation for 15 minutes at 3000 rpm at 4°C, and stored at −80°C for use. Two microliters of CSF was extracted at the 3 to 4 lumbar intervertebral space from patients or from one of the healthy donors by lumbar puncture, and stored at −80°C for use.

2.3. Blood analyses
-------------------

Blood cell counting including red blood cells and white blood cells (WBCs) in peripheral blood or CSF samples was performed on the Sysmex XN2000 Automatic Hematology Analyzer (Sysmex, Lincolnshire). Eosinophils were additionally stained as orange-red granules. The percentage of eosinophils in WBC and the absolute number of eosinophils in the samples were then calculated.

2.4. Enzyme-linked immunosorbent assay
--------------------------------------

Serum or CSF was subjected to enzyme-linked immunosorbent assay (ELISA) with rapid cerebral parasite diagnostic kits (JiYu Inspection Center, Guangzhou, China) following its instruction. The kits contained reagents to detect antibodies against cerebral parasites including *A cantonensis*, *Taenia solium*, *Paragonimus westermani*, *Spirometra*, *Schistosoma japonicum*, and *Toxoplasma gondii.*

2.5. Luminex assay
------------------

Luminex assay was performed on serum isolated from peripheral blood of the patients with kits (JiYu Inspection Center, Guangzhou, China) to detect common tumor markers, including carcinoembryonic antigen (CEA), alpha-fetoprotein (AFP), carbohydrate antigen 125 (CA125) and 242 (CA242), cell keratin fragment antigen 21-1 (CKFA21-1), and nerve-specific enolase (NSE).^\[[@R17]\]^

2.6. Magnetic resonance imaging
-------------------------------

The MRI examination on patients' head was performed on a Brivo MR355 superconducting scanner (GE, Boston). Images were collected from the system with a FLAIR sequence (The repetition time = 8044 milliseconds, The echo time = 140.9  milliseconds, field-of-view = 24 × 24) with 8 mm thickness and 0.8 mm gap.

2.7. NGS
--------

The NGS was performed as described.^\[[@R18]\]^ Briefly, DNA was extracted from CSF of each patient with Micro DNA kit (Tiangen Biotech, Beijing, China), and fragmented into 200 to 300 bp fragments with a Bioruptor Pico for the construction of DNA libraries. The libraries were then sequenced on a BGISEQ-100 platform. The sequencing data were aligned to the NCBI microbial genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes/) containing 1494 bacteria, 2700 viruses, 73 fungi, and 48 parasites. Genomic coverage of sequence reads for targeted pathogen was calculated.

3. Case presentation
====================

3.1. Case 1
-----------

The patient (1 year and 10 months old, male) was admitted into hospital in July 2018 due to cough, intermittent fever (37.5--39.5°C), mental fatigue, and poor diet. Before admission, the patients received routine immunization and had no history of hepatitis, thalassemia, glucose-6-phosphate dehydrogenase deficiency, tuberculosis, and genetic or metabolic diseases, or eating uncooked food. After admission, the patients were under clinical examination and laboratory test including cardiac ultrasound, chest X-ray, peripheral blood, CSF cell counting, serum luminex assay, ELISA, head MRI, and NGS. Cardiac ultrasound showed that the patient had normal heart structure and function. Chest radiography revealed that the patient had bronchial pneumonia. Blood or CSF cell counting and eosinophil staining demonstrated that the patient had marked increase of eosinophils and the percentage of eosinophils in WBCs in peripheral blood or CSF, compared to healthy subjects (Table [1](#T1){ref-type="table"}). The percentage of eosinophils in WBC in blood and CSF was 23.2% and 68.9% (Table [1](#T1){ref-type="table"}). Luminex assay excluded the existence of common tumor markers including CEA, AFP, CA125 and CA242, cell keratin fragment antigen 21-1, and NSE in the patient (data not shown). ELISA with rapid cerebral parasite diagnostic kits showed that the patient had anti-*A cantonensis* IgG in serum. There was no 3rd stage larva found in the eyes of the patient. However, head MRI showed that the patient had T2 FLAIR abnormal signal in the right cerebellar hemisphere (Fig. [1](#F1){ref-type="fig"}A) and the bilateral occipital lobe (Fig. [1](#F1){ref-type="fig"}B). NGS on CSF DNA demonstrated that there were 3204 DNA sequence reads from *A cantonensis* genome in patient\'s CSF (Fig. [2](#F2){ref-type="fig"}A), but not in nontemplate controls (data not shown). The percentage of gene reads corresponding to *A cantonensis* in total reads on the patient\'s sample was 99.4% (Table [2](#T2){ref-type="table"}); and the genomic coverage of NGS sequence reads from *A cantonensis* was 0.0786% (Table [2](#T2){ref-type="table"}). There were no detectable DNA sequences from virus, bacteria, fungi, and mycoplasma pneumoniae (data not shown). Sequences were aligned to the NCBI microbial genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes, containing 1494 bacteria, 2700 viruses, 73 fungi, and 48 parasites).
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Cell profile in peripheral blood and cerebrospinal fluid.
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![Magnetic resonance imaging on the heads of the patients after admission. T2 FLAIR signal in the right cerebellar hemisphere (A) and signal in the bilateral occipital lobe (B) of patient 1. T2 FLAIR signal in the right cerebellar hemisphere (C) and in the bilateral occipital lobe (D) of patient 2.](medi-98-e16985-g002){#F1}

![Next-generation sequencing on patients' cerebrospinal fluid. (A) Identified DNA sequences corresponding to *Angiostrongylus cantonensis* in patient 1. (B) Identified DNA sequences corresponding to *A cantonensis* in patient 2.](medi-98-e16985-g003){#F2}

###### 

Next-generation sequencing sequence reads from *Angiostrongylus cantonensis* on patients' cerebrospinal fluid.
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Based on the evidences that the patients had hypereosinophils in peripheral blood and CSF, and there were exclusive DNA sequences of *A cantonensis* in patient\'s CSF, we treated the patient as AEM with albendazole and methylprednisolone.^\[[@R19]\]^ The dose of albendazole was 0.1 g/time, oral, twice a day to deworm; and the dose of methylprednisolone was 10 mg/time via intravenous injection, twice a day to reduce inflammation. After 10-day treatment, eosinophils in patient\'s CSF (Fig. [3](#F3){ref-type="fig"}A) and peripheral blood (Fig. [3](#F3){ref-type="fig"}B) rapidly decreased, and WBC in patient\'s CSF (Fig. [3](#F3){ref-type="fig"}C) also markedly reduced. WBC in patient\'s peripheral blood decreased as well (Fig. [3](#F3){ref-type="fig"}D). The patient was absent from the symptoms of AEM after 10-day treatment. There were no eosinophils in patient\'s CSF on days 30 and 60 after treatment (Fig. [3](#F3){ref-type="fig"}A). The number of eosinophils in patient\'s peripheral blood (Fig. [3](#F3){ref-type="fig"}B) and the number of WBC in both CSF (Fig. [3](#F3){ref-type="fig"}C) and peripheral blood (Fig. [3](#F3){ref-type="fig"}D) of the patient returned to the levels similar to healthy infants. MRI further showed there were normal signals in the right cerebellar hemisphere and the bilateral occipital lobe of the patient (Fig. [4](#F4){ref-type="fig"}A and B). After treatment, the patient was completely recovered from AEM without relapse.

![The profile of eosinophils and white blood cell (WBC) in cerebrospinal fluid (CSF) and peripheral blood of the patients after treatment. The changes of eosinophils in CSF (A) and in peripheral blood (B) of the patients after treatment. The changes of WBC in CSF (C) and in peripheral blood (D) of the patients after treatment.](medi-98-e16985-g005){#F3}

![Head magnetic resonance imaging of the patients after treatment. T2 FLAIR signal in the right cerebellar hemisphere (A) and in the bilateral occipital lobe (B) of patient 1 on day 30 after treatment. T2 FLAIR signal in the right cerebellar hemisphere (C) and in the bilateral occipital lobe (D) of patient 2 on day 30 after treatment.](medi-98-e16985-g006){#F4}

3.2. Case 2
-----------

The patient (1 year and 3 months old, male) was admitted into hospital in August 2018 due to intermittent fever (37.7--38.8°C), cough, vomiting, mucosal herpes, and startle. The patient had routine immunization, and no history of genetic or metabolic diseases, or eating raw food. The patient was subjected to clinical examination and laboratory test after admission. Cardiac ultrasound showed the patient had normal heart structure and function. Chest radiography showed bronchial pneumonia in the patient. Blood or CSF cell analyses demonstrated that there was a marked increase of eosinophils and the percentage of eosinophils in WBCs in the patient in comparison with healthy subjects (Table [1](#T1){ref-type="table"}). The percentage of eosinophils in WBC in blood and CSF was 32.7% and 33% in the patient (Table [1](#T1){ref-type="table"}). Luminex assay showed that there were undetectable common tumor markers in the patient\'s serum (data not shown). ELISA showed that there was anti-*T gondii* IgG in the patient\'s CSF. There was no presence of *Toxoplasma* or *Angiostrongylus* in CSF of the patient. MRI showed normal signal in the patient\'s skull MRIs (Fig. [1](#F1){ref-type="fig"}C and D). However, NGS on CSF DNA demonstrated that there were 876 DNA sequence reads from *A cantonensis* genome in patient\'s CSF (Fig. [2](#F2){ref-type="fig"}A and B), but not in nontemplate controls (data not shown). The percentages of gene reads corresponding to *A cantonensis* in total reads were 98.2% (Table [2](#T2){ref-type="table"}); and the genomic coverages of NGS sequence reads from *A cantonensis* were 0.0345% (Table [2](#T2){ref-type="table"}). However, there were no detectable DNA sequences from *T gondii* genome, as well as from the genomes of virus, bacteria, fungi, and mycoplasma pneumoniae (data not shown).

Based on hypereosinophils in peripheral blood and CSF of the patient, and the unique DNA sequences of *A cantonensis* in the patient\'s CSF, the patient was diagnosed with AEM and treated with albendazole and methylprednisolone as in case 1. After 10-day treatment, eosinophils in CSF (Fig. [3](#F3){ref-type="fig"}A) and peripheral blood (Fig. [3](#F3){ref-type="fig"}B) of the patient rapidly decreased; WBC in patient\'s CSF (Fig. [3](#F3){ref-type="fig"}C) also markedly reduced. WBC in peripheral blood decreased as well (Fig. [3](#F3){ref-type="fig"}D). There were also no eosinophils in the patient\'s CSF on days 30 and 60 after treatment (Fig. [3](#F3){ref-type="fig"}A). The number of eosinophils in peripheral blood (Fig. [3](#F3){ref-type="fig"}B) and the number of WBC in both CSF (Fig. [3](#F3){ref-type="fig"}C) and peripheral blood (Fig. [3](#F3){ref-type="fig"}D) returned to normal levels. The patient was completely recovered without symptoms of AEM after 10-day treatment.

4. Discussion
=============

In this case report, we showed NGS as a new molecular diagnostic technique for AEM in infants, and demonstrated that NGS can exclusively detect *A cantonensis* DNA sequences in patients' CSF and specify cerebral infection by the parasite. To our knowledge, it is the 1st report that NGS could provide precise diagnosis of AEM in infants.

The diagnosis of AEM is mostly based on clinical manifestations, microscopic identification of eosinophils present in CSF, ELISA detection of anti-*A cantonensis* antibody, and patient\'s skull MRI.^\[[@R20]\]^ Due to its atypical symptom, AEM in infants is easily misdiagnosed as viral encephalitis or bronchial pneumonia, in particular when the patients had no clear parasite-contact history. Elevated eosinophils in peripheral blood and CSF are associated with parasitic infections, allergies, and even cancers.^\[[@R11],[@R12],[@R21]\]^ Eosinophil profile in patients' peripheral blood and CSF examined by microscopy or blood counting facilitates the diagnosis of AEM.^\[[@R12]\]^ In this case report, the patients with AEM indeed had hypereosinophils in peripheral blood and CSF, and the percentages of eosinophils in WBC were ranged from 23.2% to 68.9%. ELISA has been widely used to detect antibodies against infectious pathogens in the serum of patients. However, antibody detection could not reveal the early stage of infection,^\[[@R22],[@R23]\]^ and the antibodies detected could be due to cross-reactions with other parasites.^\[[@R24]--[@R26]\]^ In this case report, there was indeed anti-*A cantonensis* antibodies detected by ELISA in the serum, but in only one of the patients with AEM. Unexpectedly, 1 patient with AEM had no detectable anti-*A cantonensis* antibodies in the serum, but had anti-*T gondii* antibodies in his CSF as detected by ELISA, suggesting that ELISA is not sufficiently accurate for the diagnosis of AEM in infants. MRI can reveal the interval development of nodular brain lesions and increased intramedullary spinal cord involvement caused by the infection of *A cantonensis*.^\[[@R10],[@R27],[@R28]\]^ In this report, only one of the patients with AEM had abnormal MRI signals in his right cerebellar hemisphere and bilateral occipital lobe of brain, together with previous report,^\[[@R28],[@R29]\]^ indicating that MRI could not provide strong evidence for the precise diagnosis of AEM in infants.

The NGS is an advanced molecular technique that can detect all the infectious pathogens within 1 clinical sample.^\[[@R30]--[@R33]\]^ Specific DNA sequences or reads corresponding to a parasite from NGS has a crucial diagnostic value for prediction of the parasitic infection.^\[[@R34]\]^ As a new precise diagnostic technique, NGS is more specific and sensitive than traditional diagnostic methods such as microscopy, serologic test, or MRI. For instance, NGS detected genes from cerebral parasite in patients' CSF, but there were no infectious pathogens detectable by routine methods.^\[[@R34],[@R35]\]^ In this case reports, NGS indeed detected abundant DNA sequences corresponding to *A cantonensis* in the CSF sample from each patient, with more than 98% of reads corresponding to the parasite; however, the results from ELISA or MRI could support the parasitic infection in case 2. Our findings strongly suggest that NGS offers a new approach for the precise diagnosis of AEM in infants.

5. Conclusion
=============

The ELISA and MRI are not sufficiently accurate for the diagnosis of AEM in infants. NGS on DNA from patient\'s CSF specifies cerebral infection by parasite *A cantonensis*, which offers a new effective approach for the early and precise diagnosis of AEM in infants.
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